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INTRODUCTION 
The detection of corrosion defects in pipework is an extremely important topic, 
particularly in the oil and chemical industries. The established procedures rely on the 
removal of any insulation material followed by localised inspection which is extremely 
expensive. A cheap and rapid inspection method would therefore be of great value. 
Researchers at Imperial College have developed a rapid testing scheme, utilising Lamb 
waves which propagate along the pipe. It is essentially a pulse-echo scheme: the 
instrumentation is located at a single position on the pipe; it excites waves in the pipe and 
then receives reflections which return from any corrosion defects. Details of the 
development of the technique and field trials have been reported elsewhere [1-5). 
A key element of the testing scheme is its sensitivity to the corrosion defects. The guided 
wave mode which is utilised is the axially symmetric L(O,2) mode, at a frequency where it 
has very little dispersion. Figure 1 shows the dispersion curves and test frequency of 70 kHz 
for the example of a nominal three inch bore schedule 40 steel pipe. At this location on the 
curve the displacements and stresses are practically uniform through the wall thickness and 
these mode shapes are almost identical to those in the So mode in a flat plate at very low 
frequency. Laboratory and model studies have been conducted by the author and co-
workers to investigate the sensitivity of reflection of this mode from various configurations 
of defects [4,5). 
The work presented in this paper was motivated by one particular aspect of the reflection 
studies. An investigation was undertaken to determine the sensitivity of the strength of 
reflection to the circumferential extent of the defects. It was established that the L(0,2) 
reflection coefficient (the strength of the reflected L(0,2) mode for unit incident L(0,2) 
mode) increases as an almost perfectly linear function of the circumferential extent of a 
through-thickness crack. Although beneficial to the inspection scheme, this was contrary to 
an expectation that the reflection would be relatively weak for short cracks and increase very 
rapidly as the crack was extended. 
Two reasons may be suggested for expecting the reflection function to be non-linear with 
respect to crack length. The first consideration is the reflection behaviour of elastic waves 
from cracks in continuous solid bodies, which is well-established in the literature, for 
example in [6, 7). Given the nature ofthe simple mode shape of the L(0,2) mode, its 
reflection from a through-thickness crack in a pipe may be expected to be similar in 
character to the reflection of a bulk longitudinal wave from a penny-shaped crack in a solid 
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Figure 1. Group velocity dispersion curves for nominal 3 inch diameter steel pipe. 
Internal diameter is 76 mm, wall thickness is 5.5 mm. 
body. Yet the reflection function for a small penny-shaped crack is quadratic with respect to 
the crack length, as illustrated in Figure 2(a) (and is linear with respect to frequency). The 
second consideration is the opening of the crack due to bending of the pipe, illustrated in 
Figure 2(b). If a static tensile load is applied at a remote distance from the crack, then 
bending is induced in the pipe, leading to a crack opening displacement (COD) which is 
greater than it would be simply for the same through-thickness crack in a flat plate. This has 
been examined by Ditri [8], making use of static COD functions from the fracture mechanics 
literature; his work shows that, under conditions when the static functions are valid, the 
reflection function is cubic with respect to the crack length. 
In previous publications [4,5] the author and co-workers have argued that neither of 
these two reasons for expecting a non-linear reflection function is valid in this application, 
and indeed that the linear nature of the function is perfectly reasonable. Concerning the 
quadratic reflection function for a penny-shaped crack, an important condition for the 
underlying analysis is that the crack-opening stress is remote such that is not relieved by the 
opening of the crack. This implies that the reflection function is valid only when the 
wavelength is long compared to the length of the crack [6,7], the "long wavelength 
approximation" . This condition is clearly not satisfied in the present application in which the 
wavelength (about 80 mm) is of similar order to the crack length. A better approach is to 
consider the opposite (high frequency) limit when the wavelength is very much shorter than 
the crack length (Kirchhoff's approximation), discussed for penny shaped cracks in [9] This 
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Figure 2. Reasons why reflection functions might be expected to be non-linear: (a) 
quadratic function for reflection from penny-shaped crack, (b) bending of pipe or plate 
when subjected to axial stress. 
leads to the assumption that total reflection takes place at all locations along the length of 
the crack and total transmission takes place at all uncracked locations, and consequently the 
reflection function is linear with respect to the crack length. Concerning the pipe bending 
phenomenon, the analysis again relies on a remotely applied stress and is therefore only valid 
for very low frequencies when the wavelength is long compared to the diameter of the pipe. 
Clearly, significant bending can only take place if a substantial region of the pipe on both 
sides of the crack is in tension concurrently. Furthermore the bending can only occur 
together with lateral motion of the whole body of the pipe, as illustrated; considerations of 
inertia necessitate that such motion would be suppressed progressively with increasing 
frequency. It is therefore argued that there is no significant bending of the pipe in this 
application. It follows that the reflection from the circumferential crack in the pipe is no 
different from the reflection from a through-thickness centre crack in a flat plate. 
This paper presents the results of a number of Finite Element time domain simulations of 
the reflection of waves from cracks in plates and pipes. The work was undertaken in order 
to investigate and illustrate these two low-frequency reflection phenomena, and to determine 
how quickly they diminish as the frequency is increased. In addition to improving 
understanding of the nature of the reflection in the established L(0,2) pipe inspection 
scheme, the results give useful insight for the consideration of mode selection in other 
potential applications. All of the modelling was performed using the program Finel, 
developed at Imperial College [iO]. 
So MODE REFLECTION FROM SURF ACE-BREAKING CRACKS IN PLATES 
Before studying the cracked pipe, some instructive results were obtained for the very 
much simpler problem of a long surface-breaking crack in a steel plate which can be studied 
as an edge-cracked plate in plane strain, as illustrated in Figure 3(a). The reflection of the So 
mode from this geometry is in fact very relevant. For frequency-thickness products below 
1 MHz-mm, the displacements and stresses of So are practically uniform throughout the 
plate, and the components in the direction of the wave propagation are very much larger 
than the lateral components, just as for the L(0,2) mode in the pipe. 
A 1 mm thick plate was modelled in plane strain and an edge crack was introduced by 
disconnecting adjacent elements. An incident So wave was excited by a short-time signal at 
one end of the plate and its propagation was simulated in the time domain Following the 
interaction of the incident wave with the defect, the So component of the reflected signal was 
measured. The COD at the edge of the plate (location 'A') was also recorded. The 
reflection coefficient was defined as the displacement amplitude of the reflected So mode 
divided by the same component of the incident So mode. Since the signal had a wide 
bandwidth, the results could be extracted for a range of frequencies up to 1 MHz. The 
analysis was repeated for several crack depths. Further details of the approach taken for 
such time domain modelling are published elsewhere in these proceedings [11]; the 
justification for modelling cracks simply by disconnecting elements is given in [4]. 
The COD results for two of the models are shown in Figure 4(a) and 4(b) for a 25 % 
depth crack and a 50 % depth crack respectively. The displacement in these plots is the 
amplitude of the opening of the crack, given by the difference between the x displacements 
of the node on each side of the crack at 'A', when the incident wave has unit x displacement. 
Solutions based on static analysis are included in the plots for comparison. If the 
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Figure 3. (a) edge crack and (b) double-edge crack in plane strain section through plate. 
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Figure 4. Crack opening displacements at edge of I mm thick plate, when incident wave 
has unit in-plane displacement; (a) for 25 % depth crack and (b) for 50 % depth crack. 
wavelength is very long compared to the crack length, then it is to be expected that the COD 
will be that predicted by a static analysis which assumes an appropriate value of a remotely 
applied stress. The static COD for an edge crack in a plate which is subjected to a remote 
tensile stress is given in the fracture mechanics literature [12]; the relevant stress is the value 
of the component in the x direction in the incident wave. For unit displacement amplitude in 
the incident wave, the stress increases linearly with frequency, giving the linear COD 
functions shown in the figures. The static solutions for a double-edge crack, similarly 
calculated, are also shown. The double-edge crack, illustrated in Figure 3(b) with 
appropriate dimensions for comparison, differs from the edge crack in that the crack opens 
without bending of the plate - the plate with the edge crack bends in the same manner as the 
pipe, as was illustrated in Figure 2(b). 
Two important features can be seen in the results in Figure 4(a). First, it can be seen that 
the dynamic COD function is approximately linear with frequency, in keeping with the 
expectations of a static COD analysis or long wavelength reflection function analysis. 
Second, the dynamic COD function agrees fairly well with the static solution for the double-
edge crack. This implies that there is insignificant bending of the plate in this range of 
frequency; revelation of bending would require an analysis over a somewhat lower order of 
frequencies. 
The results in Figure 4(b) show rather different behaviour for the deeper crack. Here it 
can be seen that there is a much larger difference between the two static solutions than there 
was for the shallow crack, indicating the greater contribution to the static COD from the 
bending of the plate. At low frequency the dynamic COD agrees reasonably well with the 
static COD for the edge crack:, implying that bending of the plate takes place when the long 
wavelength signal is incident. However the dynamic COD function is not linear, departing 
rapidly from the static solution as the frequency is increased. 
Finally, Figure 5 shows the reflection coefficient functions predicted by the Finite 
Element analysis for three different crack depths. As expected from the previous results, the 
function for the 25 % depth crack is reasonably linear, but non-linear functions are predicted 
for the deeper cracks. It is therefore clear that only shallow edge cracks in a plate are 
amenable to long wavelength reflection function analysis in this frequency range; the deeper 
cracks are too large compared with the wavelength for such analysis to remain valid. 
Furthermore, no such simple analysis will be valid for any depth of crack at higher 
frequencies because the mode shapes of the So mode are then no longer uniform through the 
thickness. 
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Figure 5. Reflection coefficients for So mode in 1 mm thick plate with edge crack. 
LOW FREQUENCY L(O,I) MODE REFLECTION IN PIPES 
It is not possible to perform a useful analysis of the reflection function over a large 
bandwidth for a pipe because of the lack of continuity of the modal properties. The group 
velocity dispersion curve for the L(0,2) mode in a nominal three inch schedule 40 steel pipe 
(Figure 1) has a cut-off at about 20 kHz. Furthermore its mode shapes are no longer 
uniform in the highly dispersive region, so it is not possible to study its reflection behaviour 
below about 40 kHz. An alternative relevant analysis will be discussed in the next section. 
However, it is possible to study the reflection behaviour in a pipe at a very low 
frequency. The L(O,I) mode at 5 kHz in the three inch pipe has almost identical 
displacement and stress profiles as the L(0,2) mode has at 70 kHz. It is also reasonably non-
dispersive at this frequency, which makes it interesting as a potential candidate for very long 
range inspection. 
A three dimensional membrane Finite Element model of half of the pipe (180 degrees of 
the circumference) was used for the simulation. The through-thickness crack was again 
introduced by disconnecting adjacent elements. The justification for using membrane 
elements and the rationale for the model are presented in [4]. The L(O, 1) mode was excited 
at one end of the pipe using a narrow band signal consisting of 5 cycles in a Hanning 
window and the L(O, 1) component was extracted from the reflected signal The reflection 
coefficient was defined as the displacement amplitude of the reflected L(O,I) mode divided 
by the same component of the incident wave. The analysis was repeated for a range of 
circumferential crack lengths. 
The reflection coefficient results for the L(O, 1) mode at 5 kHz are shown in Figure 6, 
together with the linear function previously established for the L(0,2) mode at 70 kHz [4]. 
Now it can be seen that, although the mode shapes of the two modes are practically the 
same, their reflection functions are very different. Indeed, the reflection function at 5 kHz 
shows the character which could be expected on the basis of a long wavelength reflection 
function analysis: very weak sensitivity to short defects, increasing very rapidly as the crack 
is extended. Unfortunately the weak sensitivity to small defects also presents a serious 
drawback to exploiting this mode for inspection. 
SO MODE REFLECTION FROM THROUGH-THICKNESS CRACKS IN FLAT PLATES 
Although it is not possible to perform a wide bandwidth study of the pipe, it is possible to 
study the closely related problem of a flat plate with a through-thickness centre crack which 
is oriented such that the wave is normally incident. As discussed in the Introduction, if the 
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Figure 6. Reflection coefficient as function of circumferential extent of crack in pipe, for 
low and high frequency modes. 
wavelength of the incident wave in the pipe is not very much longer than the length of the 
crack, then it is to be expected that pipe bending does not take place. Without pipe bending, 
the nature of the reflection of the L(O,2) mode from a circumferential crack in a pipe is 
practically the same as that of the So mode from a through-thickness crack in a flat plate. 
A membrane Finite Element model was used for the simulations. Half of the width of the 
plate was modelled, making use of the plane of symmetry through the centre of the plate and 
crack. Symmetry boundary conditions were applied at this boundary and it was decided that 
the best representation for the other boundary was to leave it free. Width motion of the 
plate and circumferential motion of the pipe are in any case very small for the modes being 
considered. The So mode was excited at one end of the plate and the reflection coefficient 
was measured and calculated as discussed in the previous cases. The analysis was repeated 
for a range of crack lengths and a range offrequencies. 
The reflection coefficient results are presented in Figures 7 and 8. Figure 7 shows the 
reflection coefficient function with respect to the crack length, each curve showing the 
function at a different frequency. At low frequency the function is somewhat similar, though 
not identical, to that shown in Figure 6 for the pipe. The fact that there is a difference 
suggests that the pipe may bend a little at low frequency, although this has not yet been 
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Figure 7. Reflection coefficient as function of crack length for So mode in flat plate. 
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Figure 8. Reflection coefficient as function offrequency for So mode in flat plate. 
confirmed. At high frequency the function shows the same linear relationship which was 
demonstrated for the L(0,2) mode in the pipe. Figure 8 shows the information in another 
way, presenting the reflection coefficients as functions of frequency for a range of crack 
lengths. This shows, very interestingly, the progression of each reflection function from the 
long wavelength behaviour to the short wavelength behaviour. At low frequency each curve 
shows an approximately linear relationship with frequency, consistent with the long 
wavelength approximation. At high frequency each curve converges on the value of the 
reflection coefficient which should be expected from the high frequency (short wavelength) 
approximation. 
Finally, the convergence of the reflection behaviour to the high frequency approximation 
is further illustrated in Figure 9. This figure shows the variation of the COD along the 
length of the crack when the wave is incident. The crack which extends 2S % across the 
plate width is taken as an example, and the profIles at three different frequencies are shown. 
The COD value is the amplitude of the opening of the crack when the incident wave has unit 
displacement. The profile at S kHz is a good match to the COD profile typically predicted 
for a static load. At 1 S kHz the shape is retained approximately but the amplitude is 
increased, consistent with the increase in the stress in the incident wave. At 70 kHz, the 
COD is approximately constant at all locations along the crack, as expected for the high 
frequency approximation. Also, the value of the COD at 70 kHz is approximately 2, as 
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Figure 9. Crack Opening Displacement profile when So wave with unit in-plane displacement is 
incident at crack in plate, plotted for three different frequencies. Crack length is 2S % of width 
of plate. 
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should be expected in the limit when the free surface on the incident side of the crack 
displaces by twice the particle displacement of the incident wave and the opposite surface of 
the crack remains stationary. 
CONCLUSIONS 
Finite Element studies have been performed in order to investigate the nature of the 
reflection of the simple extension modes from cracks in plates and pipes. The work was 
focused on improving understanding of the reflection function of the L(0,2) extension mode 
which is being exploited for the inspection of industrial pipelines. Three geometries have 
been considered: long surface breaking cracks in plates (represented by edge cracks in plates 
in plane strain), through-thickness circumferential cracks in pipes, and through-thickness 
centre cracks in flat plates. Of particular interest is the transition from low frequency to high 
frequency, when different limit approximations of the reflection behaviour can be observed. 
It is found that the reflection functions at low frequencies exhibit the characteristics 
associated with long wavelength approximations. There is also some evidence of bending of 
cracked plates or pipes when the waves are incident, but the evidence is limited and such 
behaviour clearly only occurs when the frequency is very low and the crack is large. 
Behaviour consistent with the high frequency approximation is clearly demonstrated in both 
pipes and flat plates. This is characterised by total reflection at all locations along the length 
of the crack and total transmission at all uncracked locations. 
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